Aim: High mobility group box protein 1 (HMGB1) and receptor for the advanced glycation end product (RAGE) play pivotal roles in vascular inflammation and atherosclerosis. The aim of this study was to determine whether the HMGB1-RAGE axis was involved in the actions of simvastatin on vascular inflammation and atherosclerosis in ApoE -/-mice. Methods: Five-week old ApoE -/-mice and wild-type C57BL/6 mice were fed a Western diet. At 8 weeks of age, ApoE -/-mice were administered simvastatin (50 mg·kg -1 ·d -1 ) or vehicle by gavage, and the wild-type mice were treated with vehicle. The mice were sacrificed at 11 weeks of age, and the atherosclerotic lesions in aortic sinus were assessed with Oil Red O staining. Macrophage migration was determined with scanning EM and immunohistochemistry. Human umbilical vein endothelial cells (HUVECs) were used for in vitro study. Western blots were used to quantify the protein expression of HMGB1, RAGE, vascular cell adhesion molecule-1 (VCAM-1) and monocyte chemoattractant protein-1 (MCP-1). Results: Vehicle-treated ApoE -/-mice exhibited significant increases in aortic inflammation and atherosclerosis as well as enhanced expression of HMGB1, RAGE, VCAM-1, and MCP-1 in aortic tissues as compared to the wild-type mice. Furthermore, serum total cholesterol, triglyceride and LDL levels were markedly increased, while serum HDL level was decreased in vehicle-treated ApoE -/-mice. Administration with simvastatin in ApoE -/-mice markedly attenuated the vascular inflammation and atherosclerotic lesion area, and decreased the aortic expression of HMGB1, RAGE, VCAM-1, and MCP-1. However, simvastatin did not affect the abnormal levels of serum total cholesterol, triglyceride, LDL and HDL in ApoE -/-mice. Exposure of HUVECs to HMGB1 (100 ng/mL) markedly increased the expression of HMGB1, RAGE and VCAM-1, whereas pretreatment of the cells with simvastatin (10 μmol/L) blocked the HMGB1-caused changes. Conclusion: Simvastatin inhibits vascular inflammation and atherosclerosis in ApoE -/-mice, which may be mediated through downregulation of the HMGB1-RAGE axis.
Introduction
Atherosclerosis is a chronic inflammatory disease involving complex interactions among multiple cytokines, macrophages, T lymphocytes and endothelial cells [1] . As a proinflammatory mediator, high mobility group box protein 1 (HMGB1) upregulates adhesion molecules, chemokines and cytokines, which, in turn, stimulate macrophage infiltration and contribute to atherosclerosis [2, 3] . Additionally, it has been reported that blockade of HMGB1 suppresses vascular inflammation and attenuates atherosclerosis in ApoE -/-mice [4] . Meanwhile, the receptor for advanced glycation end product (RAGE), an important receptor for HMGB1, is also involved in the progression of atherosclerosis [5] . Interruption of the ligand-RAGE axis by multiple approaches improves endothelial dysfunction and suppresses vascular inflammation and atherosclerosis [6] [7] [8] . Previous studies suggest that statins inhibit atherosclerosis partly via their pleiotropic effects, including improvement of www.chinaphar.com Liu M et al Acta Pharmacologica Sinica npg endothelial dysfunction, anti-inflammatory actions and antioxidative effects beyond lipid lowering [9, 10] . Recently, studies
showed that statins attenuate HMGB1 expression in atherosclerotic rats [11] , reduce brain HMGB1 and RAGE expression in a brain ischemia model [12] , and decrease lung HMGB1 and plasma HMGB1 levels in golden Syrian hamsters fed a Western diet [13] . In addition, statins downregulate RAGE expression in the plaques of patients with type 2 diabetes [14] as well as in a diabetic model of ApoE -/-mice [15] .
Whether the HMGB1-RAGE axis is involved in the statindependent inhibition of vascular inflammation and atherosclerosis, however, has not been determined. This study was therefore performed to investigate the role of the HMGB1-RAGE axis in the effects of simvastatin on vascular inflammation and atherosclerosis in ApoE -/-mice. [16] ) or vehicle (0.5% carboxymethyl cellulose sodium solution) by gavage for 3 weeks. Wild-type mice were treated with vehicle (0.5% carboxymethyl cellulose sodium solution). All mice were sacrificed at 11 weeks of age.
Materials and methods

Animals
Quantification of atherosclerotic lesions
Mice were fasted for 4 h and then anesthetized. Hearts were removed for analysis of atherosclerotic lesions. Cryostat sections were prepared and embedded in OCT compound. Serial sections (8 μm thick) were collected from the level of the aortic valve leaflets up to approximately 480 μm above the leaflets in the aortic sinus. Every other section was retrieved and placed onto slides; 5 sections were placed onto each slide for a total of 6 slides. Sections were stained with Oil Red O and counterstained with hematoxylin and light green. Quantification of the atherosclerotic lesion area was performed by a blinded observer [6, 17] .
Cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated as previously described [18] and cultured in ECM (Scien- . Quantitative analysis of the band density was performed using Quantity One software. All bands were normalized to β-actin.
Scanning electron microscope
En face of the aortic arches were fixed in a 2.5% glutaraldehyde buffer, gold-coated with an ion sputter, and observed under a scanning electron microscope (Hitachi, Japan) with a voltage of 20 kV. According to a previous study [19] , monocytes can be morphologically identified by their pseudopodia around the cellular surface.
Immunohistochemistry
Cryostat sections were fixed in buffered formalin (10%). After 30 min of blockade with 5% nonimmune serum solution, the cryosections were incubated with rat anti-F4/80 antibody (1:100 dilution) (AbD Serotec, Oxford, UK), rabbit anti-HMGB1 IgG (1:100, Abcam, Cambridge, UK) or rabbit anti-RAGE IgG (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C and then visualized with goat anti-rat IgG conjugated with CF568 (Biotium, Hayward, CA, USA) or goat anti-rabbit IgG conjugated with Alexa Flour 546 (Invitrogen, Carlsbad, CA, USA). The atherosclerotic plaques were specially selected to quantify the relative F4/80-positive areas in the lesions using Image J software.
Enzyme-linked immunosorbent assay
A mouse HMGB1 ELISA kit (Uscn Life Science Inc, Wuhan, China) was used to measure serum HMGB1 concentrations according to the manufacturer's instructions.
Serum lipid analysis
Blood was drawn from the inferior vena cava in fasted mice. Total cholesterol, triglyceride, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) levels in serum were measured using kits from the Nanjiang Jiancheng Bioengineering Institute (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Statistical analysis
Data are expressed as mean±SD. Multiple group comparisons were performed using a one-way ANOVA followed by the post-hoc Tukey test. P<0.05 was considered statistically significant.
Results
Effect of simvastatin on atherosclerosis in ApoE -/-mice After 3 weeks of intervention, aortic sinus assays were performed to evaluate lesion formation. No atherosclerotic lesions were observed in wild-type mice ( Figure 1A, 1D) . Compared with ApoE -/-mice, the atherosclerotic lesion area was markedly reduced in simvastatin-treated ApoE -/-mice (≈64% reduction), measured as 159253±22423.2 μm 2 vs 56854.5±11029.9 μm 2 , respectively; P<0.01 ( Figure 1B , 1C, and 1D).
Additionally, serum lipid levels were determined. As shown in Table 1 , serum total cholesterol, triglyceride, and LDL levels were markedly increased in ApoE -/-mice compared with wild-type mice; P<0.01. In contrast, serum HDL levels were decreased in ApoE -/-mice compared with wildtype mice; P<0.01. However, there were no differences in serum total cholesterol, triglyceride, LDL or HDL levels between ApoE -/-mice treated with vehicle or simvastatin. Together, these results suggest that simvastatin attenuated atherosclerosis in a lipid-independent manner.
Effect of simvastatin on vascular inflammation in ApoE
-/-mice To investigate the effect of simvastatin on vascular inflammation, we determined the degree of macrophage adhesion and infiltration. Macrophage adhesion and subendothelial migration were observed in en face aortic arches of ApoE -/-mice using scanning electron microscope, but these were not found in wild-type mice or simvastatin-treated ApoE -/-mice (Figure 2A-2D ). In addition, a reduction of approximately 41% of F4/80-expressing macrophage content in atherosclerotic lesions was observed in simvastatin-treated ApoE -/-mice compared with ApoE -/-mice; P<0.05 ( Figure 2F-2H ).
Effects of simvastatin on the HMGB1-RAGE axis in ApoE -/-mice We measured vascular HMGB1 and RAGE levels to gain insight into the mechanisms underlying simvastatin-suppressed vascular inflammation and atherosclerosis. Compared with wild-type mice, vascular HMGB1 and RAGE expression were significantly increased in ApoE -/-mice by Western blot; P<0.05 ( Figure 3H and 3I, respectively). However, this was reversed by simvastatin. Furthermore, immunohistochemistry showed a similar phenomenon in atherosclerotic lesions ( Figure 3B-3G ). Considering that there were similar regions in adjacent sections of aortic sinus [13] , we found that HMGB1 staining was observed primarily in the cytoplasm of macrophages of atherosclerotic lesions ( Figure 2F and 3C) . We also found that serum HMGB1 levels were increased in ApoE -/-mice compared with wild-type mice; however, the difference was not significant (40.1±12.2 ng/mL vs 54.5±4.3 ng/mL, P=0.12). In addition, no significant differences in serum HMHB1 levels were found between ApoE -/-mice treated with vehicle or those treated with simvastatin (54.5±4.3 ng/mL vs 50.4±9.2 ng/mL, P=0.81). These data suggested that attenuated HMGB1 levels in atherosclerotic lesions, but not in serum, were associated with suppression of vascular inflammation and atherosclerosis by simvastatin.
Subsequently, we determined the levels of HMGB1-RAGE downstream inflammatory molecules, VCAM-1 and [20] . The expression of VCAM-1 and MCP-1 was increased in ApoE -/-mice compared with wild-type mice, while there were no significant differences between ApoE -/-mice treated with simvastatin or those treated with vehicle; P<0.05 ( Figure 3J and 3K, respectively). These findings indicate that the HMGB1-RAGE axis may play a critical role in the reduction of vascular inflammation and atherosclerosis by simvastatin.
Effects of simvastatin on the HMGB1-RAGE axis in HUVECs treated with HMGB1
To further elucidate the roles of simvastatin in the HMGB1-RAGE axis, we assessed the effect of simvastatin on the expression of HMGB1, RAGE, and VCAM-1 in HUVECs. HMGB1 markedly raised expression of VCAM-1, HMGB1, and RAGE in HUVECs; P<0.01 ( Figure 4A-4D ). In the presence of simvastatin, however, levels of VCAM-1, HMGB1, and RAGE were significantly decreased compared with HUVECs incubated with HMGB1; P<0.01 ( Figure 4A-4D) . Similarly, the expression of VCAM-1 and RAGE was also reduced by anti-RAGE antibodies; P<0.01 ( Figure 4A-4D) . Meanwhile, there were no significant differences in the levels of VCAM-1, HMGB1, and RAGE in HUVECs pretreated with simvastatin compared with those treated with anti-RAGE antibodies. These results suggest that simvastatin reduced VCAM-1 expression in HMGB1-treated HUVECs, in part via the HMGB1-RAGE axis.
Discussion
Evidence suggests that HMGB1 and RAGE play pivotal roles in inflammation and atherosclerosis [3, 5] and that they are the key target for the suppression of vascular inflammation and atherosclerosis [4, [6] [7] [8] . Meanwhile, recent studies have shown that statins suppress HMGB1 and/or RAGE levels in atherosclerotic rats, rats with brain ischemia, diabetic mice and human subjects [11] [12] [13] [14] [15] . However, it is unknown whether the HMGB1-RAGE axis is involved in the effects of simvastatin on vascular inflammation and atherosclerosis. In the present study, we showed that ApoE -/-mice displayed markedly increased vascular inflammation and atherosclerosis, as well as upregulation of the HMGB1-RAGE axis, compared with wild-type mice. We also found that simvastatin inhibited the HMGB1-RAGE axis, vascular inflammation and atherosclerosis in ApoE -/-mice. Finally, we demonstrated that HMGB1 upregulated VCAM-1 in HUVECs partly via the RAGE pathway-an effect that was negated by simvastatin.
HMGB1, a 30-kDa nuclear protein, can be released by inflammatory cells [3] or necrotic cells [21] to trigger inflammation. Kalinina et al [3] found that increased HMGB1 in athero- www.nature.com/aps Liu M et al Acta Pharmacologica Sinica npg sclerotic plaques, primarily associated with macrophages, induced endothelial cells to upregulate the expression of VCAM-1 and MCP-1 via the RAGE signaling pathway [2] . As critical mediators for macrophage migration, VCAM-1 and MCP-1 aggravate macrophage infiltration into atherosclerotic lesions where HMGB1 is over-expressed by macrophages, and then further promote atherosclerotic progression [20, 22] . Consistent with these findings, ApoE -/-mice displayed significantly enhanced aortic expression of HMGB1, RAGE, VCAM-1, and MCP-1 as well as increased macrophage infiltration and atherosclerosis compared with wild-type mice. In addition, HMGB1 expression was mostly associated with macrophages in lesions, suggesting that macrophages may be the main source of HMGB1 in plaque. These observations suggest that HMGB1 enforces macrophage infiltration and promotes atherosclerotic progression through the RAGE signaling pathway. Moreover, the blockade of HMGB1 or RAGE improved endothelial dysfunction and suppressed vascular inflammation and atherosclerosis [4, [6] [7] [8] . Overall, these data clearly indicate that the HMGB1-RAGE axis is a potential therapeutic target for treating inflammation and atherosclerosis.
Statins, as 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors, have been reported to suppress atherosclerosis partly by their pleiotropic effects, including improvement of endothelial dysfunction, anti-inflammatory actions and anti-oxidative effects beyond lipid lowering [9, 10] . Recently, increasing evidence demonstrated that statins attenuate HMGB1 and/or RAGE expression in atherosclerotic rats, rats with brain ischemia, diabetic mice and human subjects [11] [12] [13] [14] [15] . However, the role of the HMGB1-RAGE axis in the effects of statins on vascular inflammation and atherosclerosis in ApoE -/-mice is poorly understood. The results of this study revealed that simvastatin not only decreased aortic expression of HMGB1, RAGE, VCAM-1, and MCP-1 but also markedly attenuated macrophage accumulation and atherosclerosis in ApoE -/-mice. Moreover, HMGB1 in lesions but not in serum, which was decreased by simvastatin, was closely associated and consistent with the reduced macrophage infiltration. Similar to our results, Kanellakis et al [4] reported that inhibition of HMGB1 in plaques attenuated macrophage accumulation and deterioration of atherosclerosis lesions by reduction of VCAM-1 and MCP-1 expression via the RAGE signaling pathway. However, we did not find a significant difference in lipid profiles between ApoE -/-mice treated with vehicle or those treated with simvastatin. Because the cholesterol-lowering effect of statins results mainly from enhanced hepatic [16] , statins may not lower serum lipids in ApoE -/-mice, as they are deficient in a critical ligand (ApoE) for LDLr and LDLr-related proteins. These findings suggest that simvastatin's inhibition of the HMGB1-RAGE axis in lesions beyond lipid lowering may establish a negative inhibitory loop in the inflammatory response and consequently suppress vascular inflammation and atherosclerotic progression.
VCAM-1 is a pivotal mediator for macrophage migration and atherosclerosis [8, 20] ; therefore, we further determined the effects of simvastatin on the HMGB1-RAGE axis including HMGB1, RAGE, and VCAM-1 in HUVECs. In line with a previous study [2] , our data revealed that HMGB1 upregulated VCAM-1 expression through the RAGE pathway. Furthermore, simvastatin normalized VCAM-1, HMGB1, and RAGE expression in HMGB1-incubated HUVECs, which produced similar effects as the inhibition of the RAGE pathway by an anti-RAGE antibody. These results indicate that the HMGB1-RAGE interaction may induce upregulation of VCAM-1, which then contributes to macrophage migration and further promotes atherosclerosis. Although not significant, the expression of HMGB1 and VCAM-1 was lower in HUVECs pretreated with simvastatin than those pretreated with the anti-RAGE antibody, thus suggesting that receptors beyond RAGE, such as TLR4 [23] , may be involved in the amelioration of HMGB1-induced endothelial activation by simvastatin. Therefore, simvastatin may alleviate inflammation and consequently inhibit atherosclerotic progression partly through downregulation of the HMGB1-RAGE axis.
In conclusion, our data demonstrate that simvastatin suppresses vascular inflammation and atherosclerosis in ApoE -/-mice, presumably as a result of the downregulation of the HMGB1-RAGE axis in atherosclerotic plaques. Together with previous studies, these findings indicate that the HMGB1-RAGE axis may be involved in the pleiotropic effects of statins in suppressing inflammation and atherosclerosis, although the underlying mechanisms need to be further elucidated. 
